To study the complex synaptic interactions underpinning dendritic information processing in single neurons, experimenters require methods to mimic presynaptic neurotransmitter release at multiple sites with no physiological damage. We show that laser scanning systems built around large-aperture acousto-optic deflectors and high numerical aperture objective lenses provide the sub-millisecond, sub-micron precision necessary to achieve physiological, exogenous synaptic stimulation. Our laser scanning systems can produce the sophisticated spatio-temporal patterns of synaptic input that are necessary to investigate single-neuron dendritic physiology.
Introduction
One of primary functional purposes of dendrites is to receive a multi-synaptic input, perform some modification to that signal and to transmit an output to other neurons. The various permutations of 'dendritic processing', 'biological computation' and 'dendritic physiology' are roughly synonymous to mean the handling of synaptic inputs for serving a role in the operation of the nervous system [1] [2] [3] . Specifically, the interactions among the thousands of synaptic inputs, often called synaptic integration or synaptic summation, comprise the computation [4] [5] [6] . These nonlinear synaptic interactions [7] can provide sophisticated input/output relationships [8] , such as allowing neurons to behave as if they were a two-layer neural network [9] [10] [11] . Nonlinear synaptic summation would be notable because, theoretically, more powerful computational elements can be constructed from nonlinear subunits when compared to their linear alternatives. Implementing nonlinear functions, such as logarithms, polynomials and sigmoids, in dendritic hardware could therefore significantly expand the computational importance of single neurons.
The physiology of dendrites and synapses therefore merits a careful study. The interactions between synaptic inputs are due at least in part to the nonlinear, or 'active', properties of dendrites [12] . Synaptic inputs can engage voltage-gated ion channels [13, 14] as well as be reciprocally modulated by nonlinear ion channels [15, 16] . Furthermore, relatively constant, low-level synaptic activity influences the interactions between strong inputs [17] . All these interactions are augmented by the fact that the strengths of synapses themselves are dynamically modulated, in a process called 'synaptic plasticity' [18] .
Single-neuron information processing is often studied by investigating the nature of synaptic summation. Various simulation [19] and experimental techniques have been used to investigate temporal integration [20] , spatial integration [21] [22] [23] , as well as the interactions between excitatory and inhibitory inputs [24] . Furthermore, investigations are ongoing into more complex facets of synaptic summation, such as the generation of dendritic action potentials [25, 26] and the storage of synaptic input patterns [27] . The potential of these more sophisticated functions highlights the importance of single-neuron computation in higher levels of behavior, both because it can serve a critical role in complex behavior that is attributable to a single neuron [28] and because functions previously thought to require a network of neurons may be possible at a single-neuron level [29] .
Another reason for studying nonlinear synaptic interactions is that such a study might suggest the purpose of neurons' branched morphologies. Considering that a dendritic structure substantially dictates dendritic function [30, 31] and the fact that the synapses are spatially distributed across the exquisitely branched dendrites [32] [33] [34] , it is reasonable to surmise that the dendritic structure would strongly influence synaptic summation. Indeed, previous studies have found that the dendritic structure regulates firing patterns (i.e. the output) [35] , coincidence detection of multiple inputs [36] and propagation of action potentials [37] . The nonlinear synaptic interactions created by the dendritic branching patterns could thus provide a substrate for neural computation.
Given the strong linkage between neural information processing, dendritic physiology and nonlinear synaptic integration, it is paramount to develop experimental techniques for providing realistic, sophisticated patterns of synaptic activation. Multi-site photolysis of caged neurotransmitters provides this capability for two important experimental preparations: cultures of dissociated neurons and acute brain slices. The flexible multi-site photolysis necessary to do this is conveniently provided by fast laser scanning with acousto-optic deflectors (AODs). In this paper, we discuss the merits of multi-site neurotransmitter uncaging relative to other techniques for stimulating neurons and we provide arguments for using AODs for fast laser beam steering.
Why use caged neurotransmitters?
Several techniques have been used to excite single neurons. First, a neuron can be directly stimulated with an electrode. However, unless one uses extremely fine and closely spaced electrode tips, the stimulation is not focally restricted because the electric currents permeate over a region that might encompass several putative synapses. Furthermore, the mechanism by which this method excites the neuron is not precise: the experimenter cannot usually dictate whether the excitation is a result of stimulating neurotransmitter release from presynaptic terminals and/or recruitment of voltage-gated ion channels on the postsynaptic membrane. Additionally, direct electrical stimulation requires a high-precision manipulator for each stimulation electrode, practically limiting the experimenter to a few simultaneous sites. Finally, in acute brain slices, each insertion of an electrode damages the surrounding tissue.
Synaptic stimulation provides several advantages over direct electrical stimulation. Primarily, the experimenter utilizes the neuron's natural excitation mechanisms. The stimuli are thus likely to be more physiological and better replicate endogenous excitation.
Two such techniques involve the rapid application of neurotransmitter by either iontophoresis or pressure ejection [21, 22, 38, 39] . However, these methods suffer from some of the same shortcomings as those of direct electrical stimulation: small numbers of invasive pipettes with inflexible positioning. Photolysis of caged neurotransmitters-an alternative method of synaptic stimulation-is not restricted in these ways [40] . Cleavage of the photolabile covalent bonds in the inert 'caged' molecules delivers neurotransmitters (e.g. glutamate) that are molecularly identical to those released by the presynaptic terminal [41] . With a properly focused light source, the bolus of the neurotransmitter that is created can be on the order of a femtoliter [42] . The synaptic activation pattern is restricted only by the positioning of the focus spots (section 4). Furthermore, the photolysis reaction is fast on a neurophysiological time scale, typically on the order of μs [43] [44] [45] . Whereas typical iontophoresis and pressure application distribute glutamate with a spatiotemporal resolution of 5-10 μm and 0.5-1 ms, caged glutamate photolysis offers much more focalized delivery of <1 μm and <1 μs. This improved resolution is critical for generating sophisticated patterns of synaptic activation as opposed to unspecific, bulk neural excitation. Finally, uncaging in acute brain slices has the additional advantage that the normal synaptic clearance mechanisms should cause the temporal concentration profile to closely mimic the natural synaptic kinetics.
Why use lasers for photo-stimulation?
Breaking the photolabile bond connecting the caging group and the parent molecule requires absorption of >5.2×10 −19 J, equivalent to a single relatively energetic photon with a wavelength of λ < 380 nm (i.e. ultraviolet (UV) range [46] ). Arc lamps [47] , flash lamps [48] and high-intensity lightemitting diodes [49] can serve this purpose, but lasers are often more convenient. Since they are monochromatic, all of a laser's intensity is concentrated into the useful wavelengths whereas large portions of a lamp's emission spectrum may have to be discarded by filtering. Furthermore, it is often easier to select dichroic mirrors, in addition to obviating the bandpass filter, by using a single wavelength. Most importantly, since the laser output is collimated, it is much easier to focus on a diffraction-limited spot in comparison with the natural angular divergence of a lamp.
Since single-photon photolysis is performed in the UV regime, it is most intuitive to incorporate a laser that produces light in that wavelength range. In fact, this choice would be satisfactory for optically thin neuron specimens (section 5). However, a pair of photons-each with half the requisite photolysis energy, corresponding to wavelengths of ∼700 nm-could instead break the photolabile bond. Twophoton photolysis with near-infrared (NIR) light from an ultrafast pulsed laser outperforms one-photon UV photolysis in light-scattering neuron preparations (section 6). NIR wavelengths are much less sensitive to Rayleigh scattering than UV and can therefore penetrate a few hundred microns into scattering tissue with high resolution [50, 51] . Furthermore, because of the intrinsic optical sectioning of multiphoton absorption, the axial resolution is vastly superior [52] [53] [54] [55] . After carefully considering their various merits, selecting the most suitable laser components for a particular experimental goal (section 7) extracts the most advantages from photolytic stimulation.
Why use acousto-optic deflectors for laser beam steering?
To fully realize the advantages of photolytic stimulation, one must choose how to optimally direct the laser beam to the specimen. Optical fibers offer several compelling features [56] . First, the laser can be placed relatively distant from the microscope setup, adding flexibility to the laboratory layout. Second, the laser beam can be split and coupled into multiple fibers, allowing multiple stimulation sites with only a single laser. Third, a single, high-power laser can be shared between multiple microscope setups. Finally, with appropriately tapered fibers, photolysis laser light can provide relatively high spatial resolution (i.e. <5 μm [20] ). While ultrafast pulsed NIR laser light provides significant benefits in resolution, one disadvantage to using optical fibers in this application is that they add a large amount of group velocity dispersion (section 6, [51, 55, 57] ). This issue can be addressed by using photonic crystal fibers specially designed to add no dispersion at one particular wavelength, but the fundamental limitation remains: each photolysis site requires one fiber and each fiber requires a manipulator. Optical fiber delivery thus has little advantage over pipette-based stimulation techniques.
Instead of positioning the laser beam by physically moving the transmitting fiber, one should steer the laser beam as rapidly as possible. This steering can be accomplished by reflective or diffractive optics [58] . The large majority of commercially available laser scanning microscopes are constructed by attaching a pair of mirrors to two orthogonal galvanometers. The scan speed is limited, however, by the inertia of physically moving mirrors: most microscopes are limited to a few hundred hertz in line-scanning mode and are unable to perform fast arbitrary jumps across the field of view (FOV). Since neurons do not typically grow conveniently along straight lines, galvanometer-based laser scanning systems are ill-suited for multi-site photolysis systems.
Diffractive optics-such as liquid crystals on silicon (LCoS) and AODs-offer rapid, inertia-free laser beam steering [57, [59] [60] [61] [62] [63] [64] . The limitation of scanning speed for a diffractive element is the speed at which it can change its virtual grating constant, typically less than a millisecond. In contrast to galvanometer laser steering, there is no time penalty levied for a jump across the FOV relative to a jump between neighboring points. We chose AODs for fast, inertia-free laser beam steering because they offer diffraction-limited spatial resolution, μs temporal resolution, intrinsic laser intensity modulation, high damage threshold for continuous and pulsed lasers and the possibility of combining scanning with spectral and temporal dispersion compensation for ultrafast laser pulses [65, 66] .
The basic purpose of an AOD is to rapidly change the direction of the laser beam [67, 68] . A radio frequency (RF) sound wave in an acousto-optical medium establishes a virtual diffraction grating, which produces the desired beam deflection. Because the frequency of the RF wave is rapidly tunable, the change of the deflection angle is likewise fast. The sole limitation of scanning speed is thus the time required for the sound wave to fill the optical aperture, i.e. the physical size of aperture divided by the speed of sound in that medium. This aperture time is typically on the order of a few microseconds, much faster than typical inertia-limited galvanometer-based scanning instruments.
Like all laser scanning systems, the angular deflections imparted by the AODs are not immediately useful: the angle changes must be converted to position changes in the specimen plane. A lens (i.e. the objective lens) performs a Fourier transform between its focal planes, converting different angles at the back focal plane to corresponding positions in the image plane (figure 1). In a similar manner, lenses serve another critical role in the practical construction of an AOD-based scanning system. They provide a means to effectively relay the angle changes created by the AODs to the objective lens' back focal aperture (BFA) without obstructions (figure 2). Even though these deflection angles are small (on the order of tens of mrad), after the propagation of >1 m, the scan pattern is too large to be accommodated by the various apertures of the optical path. We thus use pairs of lenses arranged in a 4f configuration (a 'telescope') to relay the principal optical planes (figures 1 and 2). In this manner, all the diffraction planes remain confocal with one another while the angular spread of the scan pattern is easily encompassed by standard diameter lenses. In our configurations, we insert full beam aligners (i.e. an orthogonal mirror pair) between the AODs and relay telescopes so that scan patterns can propagate through the centers of the lenses (figure 2).
Our two basic AOD scanning schemes are illustrated in figure 1 . The simpler of the two involves a pair of orthogonal AODs with circular apertures (figure 1(a) and section 6). The circular aperture permits the use of a collimated laser beam that has been expanded to match the aperture's diameter. Since the AOD's angular resolution directly influences both the imaging and photolysis resolution, exactly filling the AOD aperture ensures that we obtain the AOD's full resolution because diffraction at an aperture is inversely proportional to the aperture diameter. A telescope formed from two spherical lenses relays the diffraction plane of the vertically deflecting AOD to the horizontally deflecting AOD. A series of successive telescopes relay the resulting image plane to the specimen plane of the objective lens. Using AODs with elongated apertures (section 5) requires modifications to this scheme ( figure 1(b) ). Four cylindrical lenses, a pair forming an anamorphic telescope for each AOD (figure 2), compress the expanded laser along the narrow axis of the aperture. Since the AODs deflect along the long axis, this has a negligible effect on the deflection. The full angular resolution is available with minimal intensity losses.
Ultraviolet photo-stimulation of cultured neurons
An AOD-scanned UV laser beam can provide physiological multi-synaptic activation to sparse, dissociated neuron cultures. Such a system can activate tens of synapses quasisimultaneously by creating sophisticated spatio-temporal distributions of the neurotransmitter [69, 70] .
The system we built is based upon a diode-pumped, solidstate, frequency-tripled Nd:YVO 4 laser (DPSS model #3505). To make use of the AODs' full resolution, a collimated laser beam exactly fills the circular aperture (inset). The first AOD imparts a vertical angle change to the beam. A 1:1 telescope, consisting of two spherical lenses, relays this diffraction plane to the second AOD, which confers an angle change in the horizontal dimension. A final imaging lens converts the angle into a focused point displaced from the optical axis. Lateral displacements in the specimen plane result directly from different entry angles into the objective lens back focal aperture, several relay telescopes downstream (figure 2). While the figure depicts several spots being simultaneously scanned, in practice the AODs rapidly scan among the desired angles, limited only by the time required for the acoustic wave to fill the aperture, creating a 'quasi-simultaneous' multi-site pattern. (b) Scheme using elongated aperture AODs. Again, to fully utilize the AOD's full resolution, the laser beam should fill the aperture, but in this case, the AOD's aperture is not circular, but rectangular (inset). We therefore modify the scheme in (a) by inserting a pair of cylindrical lenses to compress the beam in the non-scanned dimension ('converging' beams). This has no effect on the orthogonal dimension, which is deflected as before. Note: figure is not drawn to scale; distances and angles are exaggerated for clarity.
The output is pulsed at 50 kHz via an externally clocked Qswitch. The external-clocking allows us to synchronize the 20 ns pulses with the AOD scan patterns. With 1 W of output intensity at λ = 355 nm, the laser provides plenty of excess intensity to cope with loses along the optical path, such as the ∼70% diffraction efficiency of each AOD. We inserted a multiorder quartz waveplate (CVI Laser QWPM-355-05-4-R10) to optimize the polarization for input to the AODs ( figure 2(a) ). A pair of orthogonal, fused silica AODs (IntraAction SDM-1502B8, figure 1(b), inset) steer the UV laser in the two lateral dimensions. Because shorter wavelengths are diffracted to a lesser extent, deflecting UV wavelengths requires large effective apertures to realize suitable angular resolution. These deflectors have a 20 × 2 mm aperture, capable of producing N = 384 resolvable spots given a f = 100 MHz acoustic bandwidth and ν = 5917 m s A diffraction grating and prism prechirper (prechirper not drawn to scale) compensate for spectral and temporal dispersion of ultrafast laser pulses (red). For more details, see [73] . Note: lens focal lengths (f x ) and beam aligner height changes ( x ) in mm.
of the deflected beam by scaling the 0-3 W acoustic power. We use this feature in two situations. First, the early pulses after the Q-switch has been activated are generally of much higher intensity; we attenuate these first few pulses until their intensity reaches a steady state. Second, we sometimes grade the intensity of each photolysis site on a point-to-point basis to normalize the synaptic activation. The deflected UV laser beam is relayed to an inverted microscope (Zeiss Axiovert S100 TV) with fused silica lenses (Linos Photonics) and high-energy dielectric mirrors (Linos Photonics DLHS350). We evaluated several optical layouts for our UV laser scanner. We first investigated an allspherical lens system that scanned a ∅2 mm laser beam, but the resulting 38 spot resolution was too coarse for focal photolysis. To increase the resolution by filling more of the AOD's elongated aperture, we explored anamorphic systems. Our second design, slightly modified from Xu and Stroud [68] , improved the number of spots as expected, but the resolution was limited by astigmatism. Our final design incorporated a modification of our all-spherical lens system ( figure 1(a) ) wherein a cylindrical lens telescope is added for each AOD ( figure 1(b) ). We use a pair of fused silica cylinder lenses to focus and re-collimate the ∅20 mm in the unscanned dimension ( figure 2(a) ). Following the creation of the twodimensional scan pattern (384 spots along each dimension), we employ a series of 4f telescopes to relay the scan pattern to the microscope. A pair of demagnifying telescopes (1.4× and 2.5×) reduce the ∅20 mm beam to slightly overfill the ∅5 mm objective lens BFA ( figure 2(a) ).
In the microscope, the scan angles are translated to a scan pattern with a high-magnification, high numerical aperture (NA) objective lens. For focusing in this application, a quartz objective lens specifically designed for UV light would seem ideal. Interestingly, in our experience, commercially available lenses that are specified for these short wavelengths (Zeiss Ultrafluar, for example) transmit UV light less efficiently than their standard counterparts. We observed more efficient UV transmission and smaller focal volumes (data not shown) with a water-immersion objective lens (Zeiss 63× C-Apochromat, 1.2 NA) compared to an oil-immersion objective lens (Zeiss 100× Fluar, 1.3 NA). We suspect that this superiority is a result of the better refractive index matching between the immersion medium and the embedding medium (i.e. saline perfusion solution).
For instrument control, we developed custom software written in C to run on a personal computer (PC). To synthesize the AOD control signals, we employed a pair of 12-bit, 2-channel arbitrary waveform function generators (Keithley PCIP-AWFG). The four D/A channels generated the frequency modulation (FM) and amplitude modulation (AM) signals (buffered to drive the 50 AOD driver inputs, Analog Devices BUF04), while the synchronous digital channels gated the UV laser's Q-switching. A master clock at 100 kHz synchronized all the hardware (Innovative Integrations Chico). The custom software overlays the site-selection graphical user interface (GUI) with a bright-field image from a video camera ( figure 3(a) a frame-grabber (MuTech IV-400). Registration between the camera image and the UV scanner is accomplished by manually adjusting the limits of the FM signals in the custom software. The electrophysiology signals from a patch clamp amplifier (Dagan BVC-700A) were digitized with a 12-bit data acquisition card (Measurement Computing CIO-DAS08). We judged low-density, dissociated neuron cultures to be particularly advantageous for this fast-scanning system. First, being only a single cell layer thick, their optical thinness decreases light-scattering. Second, because of their two dimensionality, all of a neuron's dendrites and soma lie in the same geometric plane. This eliminates the need for complex focusing mechanisms. Third, the sparse density renders simple the task of associating a neuron with its branches. Finally, since cultures are grown extensively in an incubator, we gain the ability to genetically or molecularly manipulate them. We utilized serum-free cultures [71] from embryonic (E19) Sprague Dawley rat hippocampus plated at 20 cells mm −2 onto glass-bottom Petri dishes (MatTek P35-G-1.5-14-C and P35-G-0-14-C) coated with poly-L-lysine (0.1 mg ml −1 , Sigma P-2636). Electrophysiology recordings were performed for 14-21 days in vitro. Figure 3 illustrates typical responses of a cultured hippocampal neuron to UV photolytic stimulation controlled by AODs. A peristaltic pump (10 ml min −1 ) continually perfused a solution containing (in mM) 135 NaCl (all chemicals from Sigma unless otherwise noted), 3 KCl, 1.25 Na 2 HPO 4 , 31 D-glucose, 10 HEPES, 2 CaCl 2 and 2 MgSO 4 , pH adjusted to 7.3, with NaOH and 200 μM α/γ -bis-CNBglutamate (Invitrogen, [72] ) at 22
• C. We established currentclamp recordings from the neurons ( figure 3(a) , right) with pipettes containing (in mM) 152 Kgluconate, 10 HEPES, 2 MgCl 2 , 2 MgATP, 0.3 NaATP and 1 BAPTA, pH adjusted to 7.3, with KOH. Steering the laser beam to a user-selected site for 5-10 pulses generated somatic voltage transients that somewhat mimic excitatory postsynaptic potentials (EPSPs; figure 3(a), left) . Some transients exhibited fast decay to the baseline (top trace) while stimulation at other sites showed sustained depolarizations for many tens of milliseconds (bottom two traces). To demonstrate that we were indeed observing synaptic activation, we removed caged glutamate from the bath as well as placed photolysis sites >25 μm from the dendrite in the presence of caged glutamate. In both of these experimental controls, we never observed a distinguishable response (data not shown). Iteratively displacing the focal plane above that of the neuron while still stimulating the same X-Y location ( figure 3(a) , square marker on the right panel) resulted in diminishing EPSP max ( figure 3(b) ), defined as the peak EPSP amplitude ( figure 3(a) , top trace on the left). An exponential curve fit indicates that the 1/e axial resolution of photolysis for this system is 7.1 μm.
(Throughout this paper, we fit data sets with the most subjectively obvious mathematical function. We do not intend to imply that any particular fitted function accurately models the underlying physical phenomenon.) To test the lateral resolution, we successively stimulated points perpendicular to the neuron's dendrite ( figure 3(a), plus markers) . From this test, we find that the lateral resolution is 2.3 μm, as indicated by the full-width half-maximum (FWHM) of a fitted Gaussian curve ( figure 3(d) ). The largest EPSP max is not observed for the site that directly overlays the dendrite, but is instead displaced 0.7 μm to one side. We conclude that this location optimally stimulates the neurotransmitter receptors as opposed to placing the photolysis directly on the dendrites.
Near-infrared photo-stimulation of acute brain slice neurons
To investigate synaptic interactions in light-scattering brain specimens, such as acute brain slices or organotypic brain slice cultures, we developed a multi-site scanning system that uses multiphoton photolysis. This system, constructed from an ultrafast pulsed laser and a pair of orthogonal circular aperture AODs ( figure 1(a), inset) , is detailed in another publication [73] . In brief, a collimated NIR laser beam is deflected by a vertical AOD, the diffraction plane is relayed to the horizontal AOD with a spherical lens telescope and the twodimensional scan pattern is relayed to the objective lens by another series of telescopes (figures 1(a) and 2(b) ). Because of the wide spectral bandwidth of the ultrashort laser pulses, we were required to compensate for the significant spectral and temporal dispersions imparted by the AODs [74, 75] . To address the spectral dispersion, we inserted a diffraction grating to re-align the diverging spectral components [73] . To compensate for the temporal dispersion, we introduced a prism-based prechirper to pre-condition the pulses so that, at the specimen plane, the original pulse width was nearly restored [73, [76] [77] [78] .
We tested our NIR photolysis system using neurons in acute brain slices. We obtained brain slices of rat hippocampus according to guidelines approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine. Anesthetized Sprague Dawley rats were trans-cardially perfused with an ice-cold solution containing (in mM) 110 ChCl, 2. This scanning setup is quite successful at precisely stimulating neurons in acute brain slices. However, to precisely place photolysis sites, the experimenter must be able to distinguish the neuron from its surroundings. Obtaining a high-resolution structure is more straightforward with the NIR scanner than with the UV scanner. Dialyzing a fluorescent dye through the patch pipette allows us to collect a highcontrast image (λ excitation = 720 nm) that clearly shows the dendritic spines (figure 4(a), ∼7 mW laser power measured at the objective lens BFA). Lower laser power, shorter pixel dwell time (25 μs) and the absence of caged glutamate eliminate possible photolytic responses during imaging.
Testing various dyes for strong fluorescence resulting from twophoton excitation at this wavelength, we found the strongest signal from the calcium indicator bis-FURA-2, which we used solely as a structural indicator. Neurons were patch-dialyzed with a 333 μM bis-FURA-2 (Invitrogen-Molecular Probes) fluorescent dye solution containing (in mM) 120 K-gluconate, 20 KCl, 10 HEPES, 2 MgCl 2 , 0.2 EGTA, 4 Mg-ATP, 0.3 Tris-ATP and 7 phosphocreatine) for at least 15 min. The custom scanning software for this setup, written in Matlab (with the DAQ Toolbox, Mathworks), rasters the AODs across the objective lens FOV to generate a fluorescence image. A stepper motor connected to the objective lens fine focus knob allowed the software to construct a three-dimensional (3D) image volume. Figure 4 (a) is a montage of maximum projections of six overlapping image volumes that contained a hippocampal CA1 pyramidal neuron. Zooming in to a smaller FOV illustrates that dendritic spines are clearly resolvable (insets in figures 4(b), (c) and (e)). From these zoom-ins, the experimenter can select photolysis sites at putative synapses ( figure 4(b), inset) .
After the initial dye-filling period, low positive pressure (∼0.04 psi) was applied to a large-bore pipette filled with 12 mM MNI-glutamate (Tocris [79] ). The ejected plume of caged glutamate bathes the neuron over a region slightly larger than the objective lens FOV. A 0.1-0.5 ms duration laser pulse at 720 nm (∼21 mW) located just adjacent to a spine head results in a 0.5-3 mV amplitude EPSP measured at the soma ( figure 4(b), traces) . With an inter-site delay of t = 50 ms, the response to stimulating all nine sites is shown in the bottom trace. Comparing the individual responses to the combined response constitutes a basic spatial summation experiment. The EPSP max varies for each location because the photolysis location is not optimized to coincide with the neurotransmitter postsynaptic density 'hot spots' [80, 81] and each synapse could have a variable response to an identical application of neurotransmitter [18, 82] . We developed an automated software routine that optimizes the X-Y location of each photolysis site and then tunes the laser intensity at each site to obtain a particular desired EPSP max . Figure 4 (c) provides an example of tuned stimulation as well as a simple demonstration of a temporal summation experiment. A pair of spines are stimulated on successive sweeps wherein t ranges from 10 to 50 ms. The decline in EPSP max as t increases gives an indication of how sensitive the neuron is to coincident inputs.
We also characterized the effects of laser intensity modulation and resolution on the photolytic responses. Modulating the amplitude of the RF acoustic wave in the AOD allowed us to change the laser power on a site-to-site basis at the same speed as the laser was deflected. In general, increasing the laser power delivered to a particular photolysis site resulted in a larger EPSP max ( figure 4(d) ). Similarly, we could modulate the EPSP max by changing the dwell time (i.e. length of the photolysis pulse) at each site (0.12-0.5 ms). This highlights the fact that in this regime of laser power and dwell times, the total energy delivered dictates the neuron's response to a photolytic stimulation. A 0.5 ms, 45 mW pulse produces a similar EPSP max as a 0.25 ms, 75 mW pulse. For the spatiotemporal summation experiments we typically perform, we use 0.5 ms pulses of ∼20 mW to generate EPSP max on the order of a few mV. We chose these parameters because they allow us to use lower laser intensities while still providing acceptable temporal resolution to study the features in which we are interested. If higher temporal resolution and/or more quasisimultaneous photolysis sites are needed, then the system is capable of shortening dwell times by increasing photolysis intensity. Similar to figure 3(c) , we investigated the lateral photolysis resolution by placing photolysis sites along a line perpendicular to the dendrite and passing through a spine head ( figure 4(e), inset) . The normalized EPSP max decreases with increasing distance from the spine head, indicating that the spatial resolution in the focal plane is <1 μm (FWHM, figure 4(d) ). In a previous paper, we demonstrated the axial resolution of this system to be <2.5 μm [73] . This combined 3D resolution is sufficient to optically stimulate individual spine heads. Placing the photolysis site >10 μm from a spine or not applying caged glutamate failed to elicit an observable response (data not shown), confirming that our instrument was synaptically evoking the EPSPs. Furthermore, photolysis while blocking glutamate receptors with 10 μM CNQX and 50 μM D-APV (both from Tocris) never resulted in any transients that could be distinguished from noise (data not shown), also suggesting that the EPSPs were generated by activating postsynaptic glutamate receptors.
Discussion
Photolytic stimulation with an AOD-scanned laser beam and caged neurotransmitters offers several compelling advantages over classical electrical stimulation techniques. Optical stimulation is more precise, less invasive and makes possible the flexible positioning of multiple stimulation sites. Furthermore, the optical stimulation more closely mimics endogenous synaptic release of the neurotransmitter when compared to electrical activation of voltage-gated ion channels.
There are a few limitations to consider, however. First, optical stimulation is restricted to either excitation or inhibition. Because of the large absorption spectrum of the available caging groups [46] , it is not possible to discriminate between two caged compounds.
Thus, presently one cannot optically release an excitatory caged neurotransmitter independently of an inhibitory caged neurotransmitter. This is a limitation shared by direct electrical stimulation, but not by iontophoresis (section 2). However, there remains a limitation on the number of stimulation pipettes that can be arranged around a typical neural specimen. Second, photolytic stimulation is restricted to the FOV of the microscope objective lens. A larger FOV from a lower magnification objective lens usually results in a compromise on imaging resolution, thus limiting the focality of stimulation. This might be mitigated by selecting one of the objective lenses that combine low magnification (∼20×) and high numerical aperture (∼1.0). Studying the nonlinear interactions between hundreds or thousands of synapses highlights a limitation of any stimulation system: accurately locating the multitude of stimuli. Even with a clear, high-contrast, high-resolution image, it would take a human experimenter many minutes to mark every suspected synapse (e.g. with a point-and-click device). One possible solution involves automated image processing to identify dendrites [83, 84] and putative synaptic sites [85, 86] . Such an approach is feasible within the GUI of our scanner software but is less straightforward to implement with pipette-based techniques.
Finally, photolytic stimulation is best suited to studying single neurons with in vitro preparations, as opposed to in vivo studies. First, the caged neurotransmitter must be continually applied, a task difficult to do outside of a specimen chamber. A recent alternative, single neurons expressing genetically encoded light-sensitive ion channels-for example, channelrhodopsin-might extend the ability of AOD-based multisite scanning to investigate this facet of neurophysiology in vivo [87] [88] [89] [90] [91] . Somewhat implicit in our discussion, we have focused on applying photolytic stimulation techniques to studying the physiology of a single neuron. While these AOD scanners are fully capable of stimulating any neuron that is within its FOV, establishing somatic recordings from multiple neurons somewhat obviates the advantages of multi-site photolytic stimulation. On the other hand, only such an instrument is capable of investigating the role of nonlinear synaptic interactions in networks of multiple neurons. Merely recording the voltages at a small handful of somata would require all of the available space around a typical preparation, leaving none for pipette-base stimulation. Interestingly, multi-site optical recording of membrane voltage or intra-cellular calcium concentration combined with multisite optical stimulation might enable one to study these aspects of neurophysiology (see below).
Our AOD-based UV scanner (section 5) presents several interesting features for performing photolytic stimulation. UV lasers are generally simpler and cheaper than their ultrafast NIR counterparts. Furthermore, the ability to use cultured neurons is often convenient. Cultures can be prepared ahead of time to differing specifications (i.e. cell density, etc). During their long-term incubation, investigators can apply genetic manipulations to cultures, such as viral transfection, providing experimental possibilities that are not straightforwardly available with acute brain slices.
Our enthusiasm for AOD-based UV photolysis is tempered, however, by some of its drawbacks. Using UV wavelengths requires stringent precautions when compared to visible and NIR wavelengths: scattered UV can cause melanomas [92, 93] and cataracts [94, 95] in lab personnel. Goggles, long sleeves and UV-opaque gloves are sufficient to ensure protection against inadvertent exposure. Another consideration for using UV wavelengths is that special optical materials must be used to obtain the highest quality results. Fused silica and quartz with special anti-reflection coatings are typically used in this regime to provide the highest optical transmission, but they are more costly and not available in many configurations (e.g. lens focal lengths). Objective lenses that are specially designed for UV transmission tend to be significantly more expensive and sometimes even not as efficient at transmitting these wavelengths as standard visiblewavelength objective lenses. Along those same lines, we commissioned the fabrication of custom-made fused silica AODs for our UV scanner and the optical material had a direct bearing on the complexity of our optical layout. Because of the high speed-of-sound in fused silica, we required an ∼20 mm aperture to obtain an angular resolution >100 spots [96] . Since it is difficult to fabricate an AOD with a circular aperture this large (the sound field would not be flat across the aperture), the AODs were made with a rectangular aperture. The rectangular aperture subsequently required the use of cylindrical lenses which increased the complexity, cost and difficulty of alignment.
The design constraints of using UV light can be circumvented with proper optical layout, but some of the physiological implications cannot be dismissed. Because Rayleigh scattering increases with the inverse fourth power of the wavelength and photolysis is not restricted to the focal plane with single-photon absorption, we were restricted to using only dissociated neuron cultures. One possible consequence of this can be seen in the example traces of figure 3 : the axial resolution is relatively poor (>7 μm) and the photolytically evoked EPSPs often exhibited much longer decay times than expected (>50 ms). We attribute these observations to significant out-of-plane photolysis of caged glutamate. A high-concentration bolus of glutamate is released in the focal volume that resulted in the rapid rise and decay. This desired effect is superimposed with a much longer time course of depolarization as the out-of-focus glutamate slowly spreads a lower concentration of glutamate (aided by diffusion and perfusion) over the whole neuron, activating glutamate receptors at many distributed locations.
A further disadvantage of neurons growing in cultures is the fact that they have been mechanically dissociated such that they no longer retain their natural synaptic connection and glial support structures. The culturing procedure destroys the natural hippocampal geometry (one of the brain regions we investigate) and the de novo synapse formation is likely to be aberrant. The fact that these synapses form in an anomalous manner could also contribute to the slower EPSP kinetics. We were able to confirm that the cultured neurons did, indeed, form new synapses by filling the neurons with a visible-excited structural dye and imaging on a standard epi-fluorescence microscope (data not shown). A further drawback was that we were not able to distinguish these atypical spines while performing a UV photolysis experiment. Three options are available to visualize the neurons. First, we might have patchdialyzed the neurons with a UV-excitable fluorescent dye. Imaging the neurons at the same wavelength as photolysis is convenient because the imaging and photolysis systems are inherently registered and only one set of scan optics is required. This is the strategy we used in our multiphoton NIR scanner (section 6). In the case of our UV-based stimulator, we were reticent to use UV illumination for structural imaging because of the physical damage the neurons might incur from that wavelength range [97] . A second option would be to fill the neuron with a visible-or NIR-excited fluorescent dye, but this option would incur the expense of an additional scanning system (laser, AODs, optics) and the complexity of registering the two scan systems. A third option, the one we selected, involved straightforward bright-field trans-illumination with a standard filament lamp. This proved to be simple and cost effective, but strongly limited our ability to visually distinguish the low-contrast spines near the resolution limit of our objective lens.
We found that our NIR scanner (section 6) alleviated nearly all of the problems we encountered with the UV scanner. NIR wavelengths are much more convenient to manipulate: we were able to use optics constructed from standard materials (but with NIR anti-reflection coatings) and circular aperture AODs made from TeO 2 . Despite the large disparity in the numbers of lenses and mirrors, construction and daily alignment of an all-spherical lens system is vastly more manageable than a cylindrical lens system. Because of the longer wavelength, Rayleigh scattering was much reduced, allowing the use of light-scattering preparations, such as acute brain slices. In addition, out-of-plane photolysis was negligible because of the small two-photon focal volume. Use of acute brain slices, in turn, largely preserved the natural circuitry, synaptic connections and support tissues found in vivo. In principle, the NIR scanner is quite capable of restricting glutamate photolysis in dissociated neuron cultures, but we would have waived the advantages of using brain slices. The only significant category in which our NIR scanner underperforms our UV scanner is cost. The ultrafast Ti:S laser is by far more expensive, but the improvement in structural contrast, photolysis resolution, optical layout simplicity and physiological results far outweighs this cost.
We have shown that an AOD-controlled, fast-scanning, high-power laser beam focused to a diffraction-limited spot is a precise tool for generating complex, physiological synaptic activation patterns. Though the thrust of this paper has emphasized dendritic computation and synaptic summation because of our primary scientific interests, a multi-site photolytic stimulation instrument is useful for investigating many other neurophysiological facets. Such an instrument can be used to characterize synaptic dynamics [98] , probe neural circuitry [45] , map ligand-gated ion channels [99] [100] [101] and to investigate structural plasticity [102] . Beyond photolysis of caged neurotransmitters, a multi-site AOD-scanned laser microscope, when paired with a sensitive optical detector such as a photomultiplier tube, would extend its utility even further. A microscope of this sort would be particularly useful in functional imaging, such as tracking calcium and voltage dynamics in the thin dendritic branches [103, 104] . With precise, non-invasive experimental control over the inputs and outputs of a neuron, an investigator has a powerful tool with which to study a multitude of dendritic functions.
